We report a prediction that two prokaryotic proteins contain immunoglobulin superfamily domains. Immunoglobulinlike folds have been identified previously in prokaryotic proteins, but these share no recognizable sequence similarity with eukaryotic immunoglobulin superfamily (IgSF) folds, and may be the result of the physics and chemistry of proteins favoring certain common folds. In contrast, the prokaryotic proteins identified have sequences whose match to the immunoglobulin superfamily can be detected by hidden Markov modeling, BLASTP matches, key residue analysis, and secondary structure predictions. We propose that these prokaryotic immunoglobulin-like domains are almost certain to be related by divergence from a common ancestor to eukaryotic immunoglobulin superfamily domains.
Members of the immunoglobulin superfamily (IgSF) play a central role in the vertebrate immune system, where they include antibodies, T-cell receptors, major histocompatibility antigens, and in the cell adhesion molecules of most, if not all, metazoa (Williams, 1987; Williams & Barclay, 1988; Kuma et al., 1991; Bork et al., 1994; Harpaz & Chothia, 1994) . Immunoglobulin superfamily domains are also found in intracellular proteins, such as in the giant muscle proteins twitchin and titin (Benian et al., 1989; Labeit & Kolmerer, 1995) . Speculation as to when the immunoglobulin superfamily arose makes identification of prokaryotic examples interesting.
Here we report that there is strong evidence that two bacterial proteins, the IgA Fc receptor of Streptococcus agalactiae and endoglucanase C of Cellurnonas fimi, contain IgSF domains. The evidence for this comes from a hidden Markov model (HMM) (Krogh et al., 1994; Eddy et al., 1995) of the IgSF protein fold, the BLASTP local sequence alignment tool (Altschul et al., 1990) , key residue analysis (Chothia & Lesk, 1987; Harpaz & Chothia, 1994) , and a prediction of their secondary structures by the PHD program (Rost & Sander, 1994) Nearly all the members of the immunoglobulin superfamily can be assigned to one of a number of different sets: V, C1, C2, and I (Williams & Barclay, 1988; Harpaz & Chothia, 1994) . Members of one set are more similar to one another in sequence and structure than to members of the other sets. From alignments of the sequences of a protein family, an HMM can be built to encode the probabilities of different residues occumng at particular sites. This model can be used to detect other very distant members of the family (Krogh et al., 1994; Eddy et al., 1995) . We built an HMM from a multiple alignment of the IgSF domains belonging to the I set. Forty domains from neural cell adhesion molecules were aligned to the sequence of telokin. The HMM was used to search the SWISS-PROT release 32 database (Bairoch & Boeckmann, 1991) .
Residues 434-534 of the IgA Fc receptor of S. agalactiae matched this HMM with a score of 35 bits. Residues 918-1006 of endoglucanase C of C. fimi matched the HMM with a score of 34 bits. We would expect that a score of 17 bits would be a significant match in searching a database of the size of SWISS-PROT (Krogh et al., 1994; Eddy et al., 1995) . This theoretical calculation is supported empirically by the 347 other domains, which were detected by the HMM with scores greater than 18.6, that have been described previously as IgSF members on the basis of characteristics of their sequences.
Residues 918-1006 of endoglucanase C are 48% identical to residues 1008-1097. Although this second domain does not match the HMM with a significant score, this sequence identity clearly implies that endoglucanase C contains two tandem Ig I set domains.
HMM scores of 34 and 35 are highly reliable in our experience. We did, however, check our results by other methods: a database search with BLASTP, key residues analysis, and PHD secondary structure prediction.
BLASTP (Altschul et al., 1990) could not find a significant match between the sequence of the IgA Fc receptor of S. agalactiae and any other sequence in SWISS-PROT. The two domains of endoglucanase C of C. $mi, however, matched the IgSF protein perlecan with an e-value of 7.8 X IOp9 for residues 918-1006 and 2.4 X IOp9 for residues 1008-1097. These are very significant scores (Altschul et al., 1990) . Indeed, Perlecan, a basement membrane protein, contains 15 tandem IgSF domains (Noonan et al., 1991) and several of these matched the two endoglucanase C domains with significant scores.
Key residues are those that, through their packing, hydrogen bonds, or unusual torsion angles, play the major role in determining three-dimensional structure of a protein. These residues tend to be strongly conserved, in type if not in identity, over long evolutionary periods and can be used to detect distant evolutionary relationships. The key residues of the first I set structure, telokin, were determined by Harpaz and Chothia (1994) , and in Figures 1  and 2 we show, as an example, the key residues that together mainly determine certain loop conformations. On the basis of the matches made to the key residues found in telokin, it was predicted that certain other members of the immunoglobulin superfamily belong to the I set with structures close to that of telokin (Harpaz & Chothia, 1994) . So far, the predictions for two of these domains, the M5 domain of titin and domain 1 of VCAM, have been shown to be correct by their subsequent structure determination (Jones et al., 1995; Pfuhl & Pastore, 1995) . Note that both of these proteins have a very low sequence identities with telokin: 23 of 90 in the first case and 10 of 89 in the second.
In Figure 1 , we align the sequences of the three known I set structures with the three sequences from the IgA Fc receptor and endoglucanase C. The three bacterial sequences share only a small number of identical residues with the known structures; these are in the range 6-25. Inspection of the alignment shows, however, that to a very large extent the key residues in the core of the known structures are the same or conservatively substituted in the three new sequences and in several cases the conservation extends to the loop regions.
The conserved tryptophan in the C strand is conserved in endoglucanase C and conservatively substituted by phenylalanine in the IgA Fc receptor. The cysteines in the B and F strands of telokin are conservatively substituted by alanine, valine, and leucine in the bacterial proteins; these substitutions can be found in many of the members of the IgSF that occur in muscle proteins and whose structures are known (Improta et al., 1996) , and in the second domain of CD4 (Wang et al., 1990; Garret, 1993) . Notably the domains of endoglucanase C conserve the key residues in the BC and FG loops found in telokin, implying close structural similarity in this region (Figs. 1, 2) .
The known I set structures contain two P-sheets formed by eight or nine strands: A, A', B, C, (C'), D, E, F, and G; see Figure 1 . The sequences of the three bacterial domains were submitted to the PHD secondary structure prediction server (Rost & Sander, 1994) . PHD predicts for both proteins strand conformations in regions equivalent to the A, A', B, E, F, and G strand regions in the known structures (Fig. 1) . Predictions for strand regions equivalent to the other strands, C, C', and D, are clearly made for one of the two bacterial proteins, but are weak or absent in the other. Given that the PHD program has an expected accuracy of above 70% (Rost & Sander, 1994) , the predictions for the bacterial sequences agree very well with that observed in the proteins of known structure.
S. agalactiae is an important human pathogen. S. agalactiae is a B group Streptococcus that causes meningitis in newborns (Jerlstrom et al., 1991) . The IgA Fc receptor is part of the c complex that may contribute to the virulence of this organism (Lancefield et al., 1975) . Two specific IgA-binding regions have been defined; the second of these two regions contains the Ig-like domain (Jerlstrom et al., 1991) . It is noteworthy that the human IgA Fc receptor contains two immunoglobulin-like domains. Endoglucanase C is a cellulase that catalyzes the endohydrolysis of 1,4-P-~-ghcosidic linkages in cellulose. The function of the region containing the Ig-like domains is unknown (Coutinho et al., 1992) . Endoglucanases B and D from C. fimi contain fibronectin type I11 domains, which have an immunoglobulin-like fold, but there is no evidence that these domains are members of the IgSF (Little et al., 1994) .
TAPWTRQP--VDATVALGADATFTAEASGV-PAPTVRWQVr-agrgwkdva--ENDC 1 0 0 8 AAPWTQHP--ADVRARVGTRAVFRAAADGY-PTPCWWQVrwgggswrPIP-- Fig. 1 . Regions in the bacterial sequences that are expected to share the same structure as telokin are shown in upper case. Regions expected to differ in conformation from telokin are shown in lower case. The secondary structure (Strand) of telokin is shown, as is the PHD secondary structure prediction (PHD) of the single IgA Fc receptor domain (FCR) and the pair of endoglucanase C (ENDC) domains: residues predicted to be in an extended conformation are marked by -signs and those predicted to be in an helical conformation by +. Key residues important for the structure of the Ig fold of telokin are shown in bold letters (Harpaz & Chothia, 1994 Gly with its +4,-@ main-chain conformation at FG4. All these key residues are buried except for that at BCI. For the conformation of the BC and FG to be conserved, we expect these key residues to be conserved. If the loops change in size or lose these key residues, we would expect different conformations as occurs in domain 1 of VCAM (Jones et al., 1995) .
RHQVTTTK-----YKSTFEISSVQASDEGNYSWVENS-EGKQ-EAEFTLTIQ
We conclude that, taken together, the results reported here clearly show that the three bacterial domains are related to the eukaryotic immunoglobulin superfamily by divergent evolution from a common ancestral sequence. Previously proposed prokaryotic examples of the IgSF have been recognized on the basis of similar folding topologies, but their sequence similarity to eukaryotic IgSF members has been so low as to raise questions of possible evolution from two independent ancestors (Hofmann et al., 1989; Bork et al., 1994; Gaskell et al., 1995) . We have detected these domains based solely on sequence similarities, and thus feel confident drawing a conclusion of divergent evolution. However, we cannot dismiss, at present, the possibility that these Ig domains were acquired horizontally by prokaryotes from eukaryotes after their divergence [as has been proposed for the bacterial examples of the fibronectin type 111 domain (Bork & Doolittle, 1992; Little et al., 1994) ] rather than their being the descendants of a true bacterial ancestor of the Ig superfamily.
